Based on three-dimensional scanning and computer-aided design and computer-aided manufacturing (CAD/CAM) techniques, customized bracket systems are increasingly used. However, data remain limited regarding customized bracket design, characteristics, and stability. This study was undertaken to evaluate the design, bond strength, and residual adhesives of four different CAD/CAM customized brackets that were attached to human tooth specimens by indirect bonding. Thirty extracted human upper premolars were divided into five groups: Group 1, preadjusted self-ligating labial metal bracket; Group 2, lingual selfligating metal injection molding customized bracket; Group 3, gold-casted lingual customized bracket; Group 4, labial self-ligating milled customized bracket; Group 5, labial customized resin base bracket. Except in Group 1, premolar specimens were scanned via model scanner, and the images were sent to each manufacturing company to fabricate customized brackets and transfer trays/jigs. Debonding force (DF; N) was measured by Instron universal testing machine and shear bond strength (SBS; MPa) was calculated via dividing DF by bonding area. Adhesive remnants were analyzed via stereo microscopic images. Group 2 (196.90±82.75 N) exhibited significantly higher DF than Group 1 (62
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Introduction
Computer-aided design and computer-aided manufacturing (CAD/CAM) systems have had great impacts on the efficiency and accuracy of dental treatment in recent years [1] , as they have been implemented in both the dental laboratory and the clinic [2] . CAD/CAM systems facilitate higher quality of dental products along with reduced production time; in some cases, CAD/CAM systems have enabled restoration in patients with a single visit [3] .
In orthodontics, this advanced technology facilitates both diagnosis and treatment, especially in complex cases, such as patients with multiple missing teeth or those with dentofacial deformities [4] . By using a CAD/CAM-based system, clinicians can generate different threedimensional (3D) digital models, depending on treatment plans, and then choose the best treatment option [5, 6] . Furthermore, 3D virtual models are useful for communication among specialist clinicians, as well as with patients, who must approve the final treatment approach.
Based on the use of 3D images and the CAD/CAM technique, a customized bracket system has been introduced to move orthodontic treatment into the next era [7] [8] [9] [10] [11] . In previous studies that have compared conventional and CAD/CAM-based customized brackets, the customized system has demonstrated acceptable treatment outcome [12] , enhanced patient comfort [11] [12] [13] , and significantly reduced both total treatment time and the number of scheduled appointments [11] .
Nevertheless, even though the CAD/CAM system may greatly enhance treatment, concerns remain in terms of high costs and technique sensitivity. Moreover, even though the computerized technique provides high-quality 3D volume images and bracket system design, discrepancies remain between the virtual plan and the final outcome [13] [14] [15] [16] . Recently, the importance of precision dental treatment, using CAD/CAM-based customized bracket and wire systems, has been emphasized [13] , but further studies are required to discern the capability and treatment outcome of these systems.
Many companies produce CAD/CAM-based customized brackets; therefore, the characteristics of each customized bracket vary depending on materials, design, and base topography. For instance, Harmony is constructed from Cr-Co alloy by metal injection molding (MIM); Incognito is fabricated from gold alloy with extended bracket bases; Insignia is produced via milling bracket slots with different torques of the target tooth; Orapix utilizes a virtual design model to build a customized resin base on the preadjusted bracket base. Moreover, each company provides their own specialized indirect bonding system, with a unique transfer tray or jig. Because of these different design characteristics, customized bracket systems are varied and more intricate than the preadjusted bracket system.
Since each customized bracket is designed using a virtual model, the indirect bonding method may provide an optimized bracket position. Previous studies have indicated that the bond strength from indirect bonding may be lower than that of direct bonding; however, this difference is not statistically significant [17] [18] [19] . Thus far, there has been no study to investigate the bonding ability of customized bracket systems that are placed using an indirect bonding method.
Bracket failure during orthodontic treatment may cause unwanted biomechanical effects, prolong treatment time, and even hurt the patient. Because of the absence of substitute brackets, a customized bracket must be rebonded when it fails; consequently, the shear bond strength decreases [20] . Therefore, a robust bonding ability of customized bracket systems is necessary to ensure their long-term clinical performance.
Other crucial factors that affect bond strength are the bracket base design, bracket surface characteristics, and bracket bonding area [21] [22] [23] [24] [25] . There are various types of customized bracket bases, such as composite resin base, occlusal clasp extension, surface treatment with sandblasting, and an encircled bracket base design. The size of the customized bracket base also varies depending on the tooth morphology. Therefore, variations in bond strength exist among different bracket systems, as well as within a single customized bracket system.
Because of the divergent design and limited clinical knowledge of customized bracket systems, the aim of this study was to investigate the bonding strength of four customized bracket systems that were placed using an indirect bonding method. Further, it was designed to determine whether CAD/CAM-based customized brackets could provide equivalent bonding force to that provided by preadjusted brackets.
Materials and methods

Collection and scanning of tooth specimens
A total of 30 upper premolars were extracted from patients who were undergoing orthodontic treatment, according to their treatment plans. The use of extracted human teeth was performed in accordance with the guidelines of the ethics committee of the Yonsei University dental hospital and all the patients signed informed consent forms before enrollment. The protocol for this study was approved by the institutional review board (IRB) of the Yonsei University (2-2018-0024).Teeth were cleaned, and soft tissue was removed by periodontal curette immediately after extraction; then, teeth were stored in a 50˚C refrigerator, within a physiologic saline solution, for 3 months before testing. The inclusion criteria were as follows: (1) teeth in which the crowns did not exhibit any large defect, restoration, or crack line, (2) teeth that had never been treated with any chemical agent, such as formalin or hydrogen peroxide, (3) teeth in which labial and lingual surfaces were never previously bonded to any bracket, and (4) teeth in which the crown size was normal, as confirmed by measurement of crown height and width.
The teeth were separated into five groups of six teeth each. Of the five groups, Group 1 (control group) underwent direct bonding with a preadjusted bracket (Clippy M, Tomy, Tokyo, Japan); Group 2 underwent indirect bonding with the Harmony bracket (American Orthodontic, Sheboygan, WI, USA); Group 3 underwent indirect bonding with the Incognito bracket (3M Unitek, Monrovia, Calif, USA); Group 4 underwent indirect bonding with the Insignia bracket (Ormco, Orange, CA, USA); and Group 5 underwent indirect bonding with the Orapix bracket (Orapix, Seoul, Korea). The preadjusted, Insignia, and Orapix brackets are labial brackets; the Harmony and Incognito brackets are lingual brackets.
Design and fabrication of customized brackets and transfer trays/jigs
Teeth were scanned with an intraoral scanner (Trios 3, OrthosAnalyzer 3 Shape, Copenhagen, Denmark) to obtain 3D images that were then sent to each company to produce the customized brackets.
Group 2 (Harmony). After virtual design, a large customized pad was created on the lingual surface of each tooth. The self-ligature slot was designed using a virtual model with torque and in-out dimensions and was positioned on each customized pad by a customized adapter. Then, the MIM method was used to produce each bracket.
Group 3 (Incognito). On the virtual model, the bracket base and customized bracket were designed. The rapid prototyping wax printer base on the virtual image was used to produce the bracket wax pattern, which was then cast in a gold alloy. The bracket base was sandblasted and coated with silane.
Group 4 (Insignia).
After the virtual design location was confirmed, a customized slot was cut into the bracket at the desired position. The bracket base was a conventional mesh base that was modified with a customized slot to generate the prescribed bracket. The relationship between tooth and bracket was recorded to generate the 3D printed transfer jig that enabled transfer of the actual bracket to the patient mouth [5] .
Group 5 (Orapix). The virtual model was set up with ideal arch form, then constructed using the 3Txer program, (Orapix, Seoul, Korea); the virtual brackets and transfer jigs were placed on the ideal virtual model. The real transfer jigs were printed using a stereolithographic rapid-prototyping machine (Viper 2, 3D system, Circle Rock Hill, SC, USA). Using the transfer jig, adhesive paste (Transbond XT, 3M Dental Products, St. Paul, MN, USA) was applied to the preadjusted bracket (Clippy M, Tomy, Japan) to fill the space between bracket base and tooth surface. After curing to polymerize the resin, the customized base was completed ( Fig  1A, 1B, 1C and 1D ).
Bracket stem length evaluation
Lateral stereo microscope (Olympus SZ61, Olympus Austria, Vienna, Austria) images of each bracket were obtained to measure the stem length, which is the distance between the wing and bracket base.
SEM (Scanning Electron Microscopy)
One extra bracket, which was obtained from each customized company, was cleaned ultrasonically using acetone, then fixed in 10% formaldehyde and treated with gold-palladium, using HITACHI E-1010 ion sputter. Each bracket was then observed using HITACHI S-3000N scanning microscope at 20×, 150×, and 1000× magnifications. 
Bracket base surface dimension calculation
The bracket base surface area was calculated from the 3D surface scanned data. Each bracket was scanned by a 3D model scanner (Identica-hybrid, Medit HQ, Seoul, Korea). The 3D images were saved as STL files in the Exocad program (BEGO Medical GmbH, Bremen, Germany) and the base surface dimension was measured in mm 2 via 3D design software (Geomagic, 3D SYSTEMS, Rock Hill, SC, USA) (Fig 2A) .
Bonding
Depending on the bracket system, either the labial or lingual surface of each tooth underwent 37% phosphoric acid treatment for 15 seconds, then was rinsed completely. Before bracket bonding, teeth surfaces were dried with air spray until they reached a chalky-white appearance. Dual cure self-adhesive resin cement (RelyX TM U200, ESPE Dental Products, 3M Deutschland GmbH, Neuss, Germany) was used to coat the entire surface of the bracket base with a micro-brush; excess cement was removed until only a thin and even layer of cement remained. The bracket and transfer tray/jig were seated with firm pressure on the teeth, followed by light curing for 3 seconds on all four sides. After curing, the transfer tray/jig was removed, and excess cement was removed by bur ( Fig 2B) . All specimens were stored in a 37˚C water bath for 24 hours before the debonding test, according to the DIN ISO 3696 recommendation. Before the debonding test, teeth were embedded in a 30-mm diameter, 40-mm high cylindrical shape resin block (Polycoat, AEKYUNG Chemical Co., Ltd., Seoul, Korea). A positioning jig with square wire (0018X0018 SS, Ormco, CA, USA) was connected to the embedded box and ligated with the bracket specimen to ensure that the bracket slot was perpendicular to the direction of shear bond force, as well as to construct an identically inclined bracket slot during the shear bond test.
Shear test and failure analysis
The debonding force of each bracket (in N) was measured by the Instron Universal Testing Machine (3366 Single Column Testing System, Instron, Norwood, MA, USA). The samples were aligned with the bonding surface parallel to the blade; the force point was set at the middle of the bracket base and wings. Due to the customized torque design of the Insignia, the stem depth was different for each Insignia bracket. Therefore, the force point was set to close to the slot, imitate the occlusal force encountered in the clinic. A debonding force was applied by moving the shear blade in an occlusogingival direction, with a crosshead speed of 1 mm/ min. The shear bond strength (N/mm 2 ) was calculated by dividing the debonding force by the surface area of the bonding base (Fig 2C) . After debonding of the bracket, the surfaces of teeth and bracket base were photographed and examined by stereo microscopy (Olympus SZ61, Olympus Austria, Vienna, Austria) to characterize the bonding failure interface. The residual adhesives on the tooth surface were assessed by the adhesive remnant index (ARI). In ARI scoring, 0 = no bonding resin remained on the tooth; 1 = less than 50% of bonding resin remained on the tooth; 2 = more than 50% of bonding resin remained on the tooth; 3 = all bonding resin remained on the tooth.
One bracket base of each group was taken by Scanning Electron Microscope to observe the pattern of debonding break leakage.
Statistical analysis
One-way analysis of variance and Tukey's test were used to determine the statistical significance of any intergroup differences in the mean debonding force, shear bond strength, and bonding area. The stem length of the brackets was analyzed by a Kruskal-Wallis H test, with a post-hoc test to determine the significant differences between groups. A Kruskal-Wallis ANOVA, with post-hoc pairwise comparisons, was used to evaluate the statistical significance of any coupled data differences among the control group, customized lingual brackets, and customized labial brackets. The Kruskal-Wallis H test was used to investigate the statistical significance of the ARI among the different surface conditioning methods, and the Mann-Whitney U test was performed for multiple comparisons. The significance level was set at p = 0.05. SPSS, version 23, (IBM, Armonk, NY, USA) was used for all statistical analyses.
Results
Stem length
The mean stem lengths of each group were 0.62 mm (SD 0.04), 0.7 mm (SD 0.17), 0.63 mm (SD 0.05), 1.12 mm (SD 0.32), and 1.03 mm (SD 0.05) for preadjusted, Harmony, Incognito, Insignia, and Orapix brackets, respectively. The stem lengths of Insignia and Orapix brackets were significantly longer from the stem lengths of preadjusted and Incognito brackets (p <0.05).
SEM (Scanning Electron Microscopy) before bonding
The preadjusted and Insignia brackets exhibited a mesh base; the Harmony bracket revealed a smooth surface; the Incognito bracket had an irregular base surface caused by sandblasting and chemical coating; the base of the Orapix bracket was resin. In addition to the structure of the base, the SEM photos revealed differences in the appearance of each customized bracket system (Fig 3) .
Bracket base area
The mean base areas of the groups were 9. 33 
Debonding forces and shear bond strength
Descriptive statistics regarding the debonding force and shear bond strength for all groups are shown in Table 1 , 
Comparisons among control, customized lingual, and customized labial brackets
The bonding area of the lingual brackets was significantly larger than the bonding areas of either the labial or the preadjusted brackets. Preadjusted brackets exhibited significantly reduced debonding force (62.77±12.65), compared with customized lingual brackets (169.02 ±82.35). Labial brackets (10.72±5.42) exhibited significantly increased shear bond strength, compared with lingual brackets (5.09±2.65) (p < 0.05) ( Table 3) . 
Adhesive remnant index
The amount of residual adhesive on the tooth surface was evaluated by ARI scores, as shown in Table 4 . Only Incognito brackets exhibited significantly lower scores (2.5), compared with other brackets (p < 0.05).
The SEM photos of debonding bracket base were showed in Fig 5. Coincident with the ARI result, Incognito showed most of resin attached on the bracket surface. The resin cement remaining on mesh type bracket base, such as, preadjusted bracket, Insignia, and Orapix were engaged into the mesh and Orapix showed the most air voids. Harmony showed a smooth surface similar to the prebonded bracket base surface with only a small part of resin cement remnant on the bottom area.
Discussion
There are many different experimental factors that might influence bonding ability. To reduce the effects of these factors on our results, the DIN 13990 standard for bonding force examination was utilized to standardize the experimental protocol in this study. Since upper premolars are more consistent in shape and size than lower premolars, all samples comprised upper premolars, which were separated by crown height and width to equalize the sample size [26] .
A customized bracket is positioned within the virtual or manual design model based on treatment planning by clinician. The indirect bonding method, conducted with transfer tray/ jig systems, provide an easier and more precise bonding process, especially for lingual brackets.
Recently, with the innovation of novel bonding agents, the bond strengths of the indirect and direct bonding methods have become similar for preadjusted bracket systems [17] [18] [19] . The value of the debonding force in all customized bracket systems that were included in this study was higher than the debonding force in the preadjusted bracket, which utilized a direct bonding method. Thus, the indirect bonding method did not have a negative effect on debonding force in the customized bracket system. Divergent designs existed between brackets in this experiment, which could significantly impact the bonding force. Customized bracket systems are converging via CAD/CAM techniques with 3D printing. Depending on the design concept in each customized bracket system, the companies use different materials and manufacturing methods such as casting, milling, and resin building to fabricate their product; therefore, customized brackets exhibit disparate forms from company to company.
Scanning electron microscopic analysis also revealed different characteristics in each bracket base surface. The mesh base in the preadjusted bracket is one of the methods used to increase mechanical retention [27] . In customized bracket systems, only the Insignia bracket Table 4 . Adhesive remnant index (ARI) scores on the teeth surface after debonding. Values are presented as number (%) 0 = no bonding resin remaining on the tooth; 1 = less than 50% of bonding resin remaining on the tooth; 2 = more than 50% of bonding resin remaining on the tooth; 3 = all bonding resin remaining on the tooth. used a mesh base; other companies applied different designs to provide adequate bond strength, such as increasing bonding surface, occlusal clasps, and sandblasting to the bracket base [28, 29] . The exception to mechanical retention was the silane coating, which improved chemical retention in the Incognito system [27, [29] [30] [31] [32] . With these special base treatments and large bonding surfaces, the customized bracket systems demonstrated high debonding forces; however, the shear bond strength represented an opposite pattern, especially within the lingual customized bracket systems, such as Incognito and Harmony, which exhibit >3-fold larger bonding area than the preadjusted and labial customized brackets. Both lingual customized bracket groups exhibited greater debonding force (in N), but lower shear bond strength (in MPa), compared with the preadjusted and labial customized bracket groups. Thus, we concluded that although these brackets exhibited high debonding force, their shear bond strength diminished because of the greater bonding area. However, the extended bonding surface might improve the bracket fitness and simplify the bonding process, which remains necessary and important in lingual bracket systems. In terms of ARI, except for the Incognito bracket, all customized bracket groups showed no significant differences in intergroup comparisons, which indicated that most failures happened between the bracket base and adhesive. Incognito brackets revealed an ARI result that was significantly lower than that of other brackets, which indicated that most failures happened between the enamel and adhesive. Our results were consistent with previous studies, which demonstrated that special conditioning tests, such as sandblasting and silane coating, could enhance the bonding ability between the bracket base and adhesive [28, 32, 33] .
ARI
Base on each tooth's morphology, as well as the torque or stem length of the customized bracket for each treatment plan, deviations were found within the customized brackets that were produced for each group. To unify the experiment, the bracket slot was aligned perpendicular to the blade during the debonding test. However, because of the individual torque of each bracket, different configurations occurred between the bracket base and tooth surface. These assorted configurations, combined with the varied bonding area and the individual bracket prescription, led to increased deviations in debonding force.
The Insignia had a longer stem length with larger standard deviation (1.12 ± 0.32 mm) because of the manner in which the individual treatment prescription is designed on the stem and the slot of the Insignia bracket. To emulate the chewing force in the patient's mouth, we arranged the blade close to the slot, rather than the bracket base. In this condition, the shear bonding moment can be affected by the stem length of the individual bracket, which may have resulted in the large standard deviation in bond strength [34] .
Orapix constructs the customized resin base on a preadjusted bracket. Despite use of the same bracket between Orapix and preadjusted bracket groups, bond strength exhibited a greater deviation in Orapix brackets, compared with preadjusted brackets. The customized resin filled the space between the surface of the target teeth on the set up model and the preadjusted bracket base. Then, the shape and thickness of the customized resin base was modified according to the different tooth morphology and treatment prescription. Therefore, discrepancy in resin base thickness within the same experimental group may arise from increased deviation of bond strength in Orapix brackets [35] .
The limitations of this study include the limited selection of adhesive types and the small sample size. To control for incomplete polymerization resulting from a large bracket base, the dual cure adhesive was selected as a bonding agent for all groups in this study. Notably, other adhesive types, such as light curing and chemical curing, may reveal different results depending on bracket characteristics. The high cost of customized brackets is one of the primary reasons to restrict sample size; further, some companies required whole dentition to serve as a virtual model, thus fabricating whole brackets for each tooth in their system. Another limitation is the variability in the quality of human enamel, which may contribute to the large standard deviations found in bond strength test [36, 37] . Furthermore, two specimens were excluded because of wing deformation during the debonding test in the Incognito bracket group; this may have occurred because the gold alloy is too soft to withstand excessive force. Despite these limitations, this study provides the first comparative data regarding the bonding stability of customized bracket systems.
Conclusions
The individual design and base morphology of each customized bracket system induced large deviations in DF and SBS; nevertheless, all CAD/CAM-based customized bracket systems that were assessed exhibited a debonding force that was higher than, or similar to, that of the conventional bracket system, even when placed by indirect bonding methods. However, in vivo conditions are much more complex than in vitro experiments; thus, our results should be applied carefully in clinical settings. Further clinical trials with larger sample sizes are warranted to clarify the findings of our study. 
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